■ INTRODUCTION
In recent years, three new types of nanoscale bubble systems have been reported: (i) surface nanobubbles which form at solid−liquid interfaces and are either (i) spherical cap bubbles or (ii) micropancakes which are quasi-two-dimensional gaseous domains, with lateral dimensions of several microns and a uniform height of a few nanometers; and much more recently (iii) bulk nanobubbles which exist in bulk liquid and are spherical with a typical diameter of 100−200 nm. The most peculiar characteristic of these three types of nanobubbles is their extraordinary longevity. 1 Because of established bubble theories, early reports on stable nanobubbles at surfaces were met with scepticism and an accepted description of their stability is still lacking. Surface nanobubbles were until recently a controversial topic despite mounting evidence for their existence which is now firmly established, following investigations by a number of research groups. 1 Similarly, despite a number of recent studies, 2 bulk nanobubbles are still an emerging field and speculation remains rife about their existence and their stability. 3, 4 In pure water, the pressure estimated from the Young− Laplace equation inside a nanobubble of 100 nm diameter is close to ∼30 atm; therefore, from the Epstein and Plesset 5 theory, the bubble should dissolve on a timescale of ∼10 μs. However, bulk nanobubbles have been reported to last for days, weeks, and months. 1, 2, 6 There are two aspects associated with the long-term stability of bulk nanobubbles. The first one is the negligible buoyant force which prevents bulk nanobubbles from rising to the free surface, their movement being instead dominated by Brownian motion. The second is their stability against dissolution. The physical chemistry of this longevity is an observational mystery that is now attracting considerable attention. 2 The mystery behind the stability of bulk nanobubbles has led some to consider them as heterogeneities which are preserved, similar to imperfections in a crystalline structure. 7 Some investigators reported that degassing or repeated filtering can remove them and that subsequent gentle gas sparging can restore them, which seems to suggest that the nucleation centers must remain in the bulk liquid. 4 Others have speculated that interfacial composition and structure are the likely cause for nanobubble stability, with some suggesting that the surface of nanobubbles contains hard hydrogen bonds which may reduce gas diffusivity. 2 Another speculation considers that a trapped layer of insoluble contaminant coats each nanobubble reducing the interfacial tension (and Laplace pressure) and imposing a barrier to diffusion. 8 The idea of "universal" contamination is questionable however because thermal fluctuations are bound to create pores in the contaminant shell and thus lead to gas escaping with time.
Even more convincing perhaps is the fact that our own tests revealed that in normal distilled water or even tap water, nanobubbles would be observed only if they have been generated by some external means. Recently, a theoretical dynamic equilibrium model hypothesized that bulk nanobubbles could be partly covered by a hydrophobic material. 9 The dynamic equilibrium model assumes a continuous inflow and outflow of gas from the nanobubbles which maintain their size constant. On the basis of the assumptions that the total change in entropy and energy is both zero in a state of equilibrium, it is found numerically that nanobubbles are stable when the surface coverage fraction lies within 0.5−1. More recently, Sugano et al. 10 reported an experimental study where they used transmission electron microscopy (TEM) images of bulk nanobubbles taken by using a MEMS chip without freezing, to show that added organic material adhered to the surface of nanobubbles which contributed to their stability.
Bulk nanobubbles are recent but they are already attracting a lot of attention, and many potential applications have been suggested including, wastewater treatment, 11 28 promotion of the physiological activity of living organisms, 6 sterilization of bacteria, 29 enhanced germination rate of seeds, 30, 31 improved blood oxygenation, 32 and improved engine efficacy using hydrogen nanobubbles. 33, 34 There is, thus, immense scope for bulk nanobubbles to impact many industries. To fully exploit these potential benefits, however, a thorough understanding of their formation, characterization, and stability is needed.
In this paper, we study the generation of bulk nanobubbles in water using acoustic cavitation. For the first time, we provide multiple evidence that the nanoentities generated are nanobubbles based on: (i) freezing and thawing of the nanobubble suspensions; (ii) the relationship between the amount of dissolved air and the number of bulk nanobubbles generated in water; and (iii) monitoring of their gradual disappearance over time. We also study the effects of water pH as well as surfactant and salt addition on the stability of the nanobubbles. The longterm stability of the bulk nanobubble suspensions is monitored over a period of 10 months. We conclude that bulk nanobubbles carry a significant surface charge which is probably responsible for their stability.
■ EXPERIMENTAL METHODS
Materials. Sodium chloride (NaCl, 99.5% BioXtra), sodium dodecyl sulfate (SDS, AR > 99%), and buffer solutions (pH = 4, 7, and 10) were purchased from Sigma-Aldrich. Sodium hydroxide (NaOH, 98%) and hydrochloric acid (HCl, 37%) were purchased from VMR Chemicals. All stock solutions and nanobubble samples were prepared using purified water from an Aquatron water still A4000D, which had an electrical conductivity of 1.7 μS·cm −1 and a pH of 6.5. This water is referred to as pure water throughout the paper to distinguish it from water with added salt or surfactant. Stock solutions of SDS were prepared by dissolving SDS in pure water using a magnetic stirrer at 25°C in order to achieve complete dissolution. A 0.45 μm Millipore filter (Merck Millipore Limited, UK) was used to filter the SDS solutions. A similar protocol was adopted for preparing stock solutions of NaOH, HCl, and NaCl at a temperature of 20°C. Prior to experimentation, purified water and all stock solutions were initially examined for any nanoscale entities using a NanoSight instrument and no significant levels of impurity were observed. The NanoSight instrument which was also used for measuring nanobubble size distributions is described further below.
Generation of Bulk Nanobubbles. Nanobubbles were generated by US cavitation using a 20 kHz probe-type US processor (AUTOTUNE SERIES 750 W model, Sonics & Materials). A titanium probe of 0.75 in. diameter was used to irradiate 80 mL of water inside a glass beaker, as shown in Figure 1 . The temperature of the sample was controlled at 20.0°C by using a recirculating cooler (JULABO GmbH, Germany). The sonication time and, hence, the US energy input were varied in the experiments, and the effects were investigated. After sonication, the nanobubble suspension, thus generated, was stored in 20 mL glass vials for further analysis of bubble size distribution, bubble number density, zeta potential, dissolved oxygen content, and monitoring of long-term stability. All analyses of the nanobubble samples were conducted at room temperature.
Characterization of Bulk Nanobubble Suspensions. Nanoparticle Tracking Analysis. Bubble size distribution was characterized using a NanoSight LM10 instrument (Malvern Instruments, UK). The NanoSight technique called nanoparticle tracking analysis (NTA) is a noninvasive technique and is schematically illustrated in Figure S1a in the Supporting Information. It utilizes the properties of both light scattering and Brownian motion in order to obtain particle size distributions of samples in liquid suspension. A laser beam is passed through a prism-edged glass flat (optical flat) within the sample chamber. The angle of incidence and refractive index of the glass flat are designed to be such that when the laser reaches the interface between the glass and the liquid sample layer above it, the beam refracts to an intense low profile resulting in a compressed beam with a reduced profile and a high-power density. Particles in the path of this beam scatter light and can be easily visualized via a long working distance (×20 magnification) microscope objective fitted to an otherwise conventional optical microscope. A charge-coupled device (CCD), electron multiplied CCD, or high-sensitivity CMOS camera mounted on the microscope and operating at 30 frames per second captures a video file of particles moving under Brownian motion. Nanoparticles or nanobubbles are, thus, indirectly tracked, and their Brownian motion is analyzed in real time, giving the bubble size distribution, mean bubble diameter, and bubble number density.
Brownian motion occurs in three dimensions, but the NTA instrument observes motion only in two dimensions. The 2D tracking of nanobubbles can be utilized to calculate the diffusion coefficient of Brownian motion using the following form of the well-known Einstein−Stokes equation, as follows 
(1) where x y ( , ) 2 is the mean square displacement of a nanoparticle in two dimensions measured in time t. The parameters D t , k B , T, μ, and d are, respectively, diffusion coefficient, Boltzmann constant, temperature, viscosity, and diameter of the particle. Because of the fact that this technique can simultaneously analyze a population of nanoparticles on an individual basis, it is ideally suited for real-time analysis of polydisperse systems ranging from 10 to 2000 nm in size and 10 6 to 10 9 particles/mL in particle number density. 36 Dynamic Light Scattering. A dynamic light scattering (DLS) technique (ZEN5600 Zetasizer Nano ZSP, Malvern Instruments) was also used to determine the bubble size distribution of the nanobubble suspensions. The objective was to compare the bubble size distributions obtained from DLS with those obtained from NTA measurements and assess the suitability of the two techniques for characterizing nanobubble suspensions. DLS is a well-established noninvasive technique for measuring the size distribution of particles typically in the submicron region. Typical applications of DLS are the characterization of particles, emulsions, or molecules which have been dispersed or dissolved in a liquid. The Brownian motion of particles or molecules in suspension causes laser light to be scattered at different intensities, as illustrated in Figure S1b in the Supporting Information. Analysis of these intensity fluctuations yields the velocity of the Brownian motion and hence the particle size using the Einstein−Stokes relationship (eq 1).
37 DLS is suitable for particle analysis over a size and concentration range of 0.3 nm to 10 μm and 10 8 to 10 12 particles/mL, respectively. 38,39 DLS, however, does not measure the bubble number density. Prior to analysis of the nanobubble samples, standard suspensions of solid latex nanospheres were used to verify the accuracy and precision of the NTA and DLS systems used and adjust the settings of the instruments accordingly.
Zeta Potential, pH, and Dissolved Oxygen Content. The Zetasizer Nano ZSP described above also enabled the measurement of the zeta potential of the nanobubbles. Similarly, a pH meter (Mettler Toledo) was calibrated using standard buffer solutions and used to measure the pH of the nanobubble suspensions. Furthermore, the pH of the nanobubble samples was adjusted by drop wise addition of NaOH or HCl, covering a wide range of pH values. A dissolved oxygen meter (model AM 40, Sensortechnik Meinsberg, Germany) was used to determine the dissolved oxygen concentration in the nanobubble suspensions.
Bubble Size Distribution Measurement Using NTA and DLS Techniques. A comparison was made between the NTA and DLS techniques to assess which is the more appropriate technique for the analysis of bulk nanobubble suspensions. Typical bubble size distributions determined by both methods are compared in Figure  S2 of the Supporting Information, showing significant differences. There is a clear shift in the bubble size distribution measured by NTA toward the lower end of the bubble size spectrum (number mean diameter, d 10 = 137 nm compared to 173 nm obtained by DLS). This is accompanied by a significant narrowing of the bubble size distribution obtained by NTA: C v values are 0.58 for NTA and 1.73 for DLS, kurtosis values are −1.2 for NTA (positively skewed, leptokurtic distribution) and 4.43 for DLS (positively skewed, platykurtic distribution).
As DLS is based on the intensity of scattered light, larger bubbles will scatter more light and, hence, will tend to mask light scattered by smaller bubbles. A similar result was reported by Filipe et al. 39 who compared the size distributions of standard latex nanoparticle suspensions determined by NTA and DLS. The fact that NTA tracks the Brownian motion of nanobubbles should make it a more reliable technique compared to DLS whose measurements are based on the intensity of scattered light and clearly, thus, are biased toward large bubbles. Hence, the NTA technique has been adopted in this study for the characterization of the nanobubble suspensions.
■ RESULTS AND DISCUSSION Existence of Bulk Nanobubbles. As discussed in the Introduction, the existence of bulk nanobubbles has been claimed in several recent experimental studies but definite proof that the nanoentities observed are actually gas bubbles is still missing. 2, 11, 13, 40 Despite such studies, therefore, this is still an emerging field and speculation remains rife about the existence of bulk nanobubbles and their stability. 41 In mixtures of water and organic liquids, doubt exists as to whether the nanoentities observed are nanobubbles or supramolecular structures. 3, 4 Similarly, when generating bulk nanobubbles in pure water, another question that often arises is whether such nanoentities are nanobubbles or solid nanoparticles which have detached from adjacent surfaces.
In this work, we provide evidence for the existence of bulk nanobubbles in three different ways: (i) by studying the effect of freezing and thawing on nanobubble suspensions in pure water and in the presence of added surfactant; (ii) by analyzing the effect of dissolved gas on the nucleation of nanobubbles; and (iii) by monitoring the long-term stability of bulk nanobubbles and their gradual disappearance over time.
Freezing and Thawing of Nanobubbles in Pure Water and in Surfactant Solution. Experiments were conducted to study what happens when bulk nanobubble suspensions are subjected to freezing and thawing. Thus, 20 mL samples of nanobubble suspensions produced in pure water were kept in a freezer at a temperature of −18°C for a period of 24 h. Subsequently, these samples were withdrawn from the freezer and left to thaw at room temperature for about 6 h before being analyzed by the NTA technique. Typical results of the effects of the freeze−thaw process on the bubble number density and bubble size distribution are shown in Figures 2 and  3 , respectively.
On increasing the sonication time (i.e., US energy input), the population of the nanobubbles produced increased substantially. After freezing and thawing of the nanobubble suspensions, the bubble number density reduced to extremely low levels approaching zero at low sonication times. It is hard to tell whether nanobubble disappearance occurs during freezing or thawing. Given that the freezing rate is very low, one could imagine that nanobubbles will be pressed to move and coalesce or agglomerate by the growing ice crystals in a 
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Article way similar to the process of freeze concentration, leading eventually to rupture of the nanobubble interfaces. However, it is much harder to speculate on a possible mechanism for nanobubble disappearance during thawing.
The size distributions shown in Figure 3 confirm that the large reduction in the number of nanoentities cannot be explained by the possibility of agglomeration of nanoparticles. No significant aggregation could have happened because the statistics of the size distribution before freezing and after thawing remain approximately the same. Had any significant aggregation happened the size distribution would have exhibited a large positive skew. The fact that the vast majority of the nanoentities disappeared during freezing and thawing of the samples implies that these must be bubbles.
On the other hand, more freeze−thaw cycles did not lead to any further significant reductions in the number of residual nanoentities observed. The small amount of residual nanoentities which have not disappeared, therefore, must be solid nanoparticles. This amount of nanoparticles is negligible at low-energy inputs as it increases from 4.5% at a sonication time of 5 min to a maximum of 9.2% at a sonication time of 30 min. In addition to a low level of initial contamination contained in the purified water, these solid nanoparticles could be titanium nanoparticles which have detached during sonication from the US probe or particles which have detached from the surfaces of the glass beaker, which could also explain why their number increases with sonication time. However, in routine experiments, the sonication time normally used was 10 min maximum, which does not lead to any significant contamination of the samples. Similar experiments were conducted whereby different amounts of the surface-active agent SDS were added to the nanobubble suspensions produced in pure water before freezing, and the results are shown in Figure 4 . Whilst nanobubbles in pure water disappear after freezing and thawing, the presence of SDS seems to prevent the collapse of nanobubbles and for concentrations of 0.3 cmc (critical micelle concentration) and above, the nanobubble population is entirely preserved within experimental error. It should be noted that the observed effect cannot be attributed to the presence of SDS micelles as they are too small to be detected by the NTA measurements. Their radius in aqueous solutions is only about 1.75 nm 42 which is much below the resolution of the instrument. Therefore, it can be concluded from these experiments that surfactant molecules provide shielding to the nanobubbles against the effects of freezing and thawing, a phenomenon widely known in colloidal science as steric/ electro-steric stabilization of particle suspensions. 43 The survival of bulk nanobubbles through the freeze−thaw process can be further explained by the mechanism of stabilization of nanoparticles with the addition of surfactants. In pure water, our zeta potential measurements show that nanobubbles are negatively charged. On the nanobubble interfaces, the hydrophilic ionic head group SO 4 − of the SDS molecules orientates itself toward the liquid phase whilst the hydrophobic tail orientates itself toward the gas phase. This preferential adsorption of the surfactant molecules is expected to reduce surface tension and, hence, the Laplace pressure inside the nanobubbles, which further their stability. Recent use of pressure-addition electrochemistry 44 showed that Laplace pressure decreases by ∼42% in the presence of surfactant where the corresponding macroscopic surface tension drops by 45% from 73 to 33 mN·m −1 for an 88 nm radius nanobubble. This result seems to apparently confirm the validity of the Young−Laplace equation at nanoscale and also provide experimental evidence of the reduction of Laplace pressure in the presence of surfactant molecules. Incidentally, the findings from the above freeze−thaw experiments clearly rule out the validity of the skin physical model which postulates that bulk nanobubbles are stable because of the presence of organic contaminants or surfactant molecules on the surface of the nanobubbles which provide stability against dissolution. 7, 45 Dissolved Oxygen Content in Nanobubble Suspensions. Measurements (conducted at 20°C) of dissolved oxygen concentration in the nanobubble samples are presented in Figure 5 and compared to pure water. The amount of dissolved oxygen in pure water drops significantly, on average by about 20%, after the generation of nanobubbles. It is expected that dissolved gas molecules act as nuclei for US cavitation. In fact, increased content of dissolved gases in water has been shown to improve acoustic cavitation intensity for the generation of microbubbles and their growth rate. 46 Our results also suggest that dissolved gas has a positive correlation with the nucleation of nanobubbles. Experiments were conducted by generating nanobubbles in pure water which was partially degassed using vacuum, and typical results are shown in Figure 6 . The data show that the higher the oxygen concentration in water, the more bubbles are generated. This finding indicates, therefore, that dissolved gas seems to be needed for the generation of these nanoentities which by implication suggests that they must be nanobubbles. It should be noted that these findings are specific to the case of acoustic cavitation where no additional air is injected unlike, for example, hydrodynamic cavitation (pressure dissolution method).
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Effect of Water pH on Nanobubble Nucleation. In this section, we study the effects of preadjusting the water pH on the properties of the bulk nanobubble suspensions subsequently generated by US cavitation. Results are displayed in Figure 7 in terms of bubble size distribution, mean bubble diameter, bubble number density, and zeta potential. The number density of nanobubbles increases in a quasi-linear fashion as a function of pH. The mean bubble diameter decreases as the water pH increases to a value of about 6, remaining more or less constant thereafter at higher pH values. The zeta potential is negative and increases in absolute value with increasing pH approximately linearly, reaching substantial magnitudes (around −40 mV) at high pH values (Figure 7d) . A high zeta potential is synonymous with high colloidal stability which suggests that nanobubbles should be much more stable in alkaline solutions. This result can be explained based on the fact that nanobubbles can nucleate at all values of water pH as long as there is sufficient dissolved gas to provide the necessary nuclei. However, many of the nanobubbles cannot survive at low pH values because of a lack of OH − ions needed to form a stabilizing electric double layer around the bubble interfaces, as indicated by the low values of zeta potential (Figure 7d ). The high zeta potential in alkaline solutions is evidence of strong electrostatic interaction providing stability to the system and, thus, alkaline solutions are a more favorable medium for the formation and stability of nanobubbles than acidic solutions.
Zeta Potential of Nanobubbles. The colloidal stability of a particle suspension depends on Derjaguin−Landau− Verwey−Overbeek (DLVO) and non-DLVO forces, namely, van der Waals forces, electrostatic forces, hydration forces, hydrophobic interaction, and steric forces. The overall interaction potential for a suspension is usually denoted by the algebraic sum of DLVO and non-DLVO interactions, and the suspension stability depends on the interplay between these interactions. 43 The electric double layer around the particles can be altered by the addition of salt or adjustment of pH, whilst the addition of surfactant leads to steric stability of the particles. To shed light on some of these phenomena, we propose here to look at the effects of pH adjustment, salt, or surfactant addition on the zeta potential of bulk nanobubbles, note that the nanobubble suspensions were first produced in pure water and then subsequently altered.
Results showing the effects on zeta potential are presented in Figure 8 . The magnitude of the negative zeta potential increases monotonically as a function of pH in a quasi-linear fashion (Figure 8a ). This is consistent with the usual behavior of colloidal particle suspensions. 43 Because the slipping plane is 
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Article negatively charged at pH = 7, the addition of H + ions (from HCl) to lower the pH value neutralizes the negative charge.
This reduces the absolute value of the negative zeta potential toward zero, and hence, it weakens the electrostatic interaction potential between nanobubbles as expressed below
where W R (D), R, k B , T, z, ψ 0 , e, ρ ∞ , and D are, respectively, electrostatic potential, bubble radius, Boltzmann constant, temperature, valency, surface potential, unit charge, bulk ion number density, and interspacing distance. On the other hand, the magnitude of the negative zeta potential of the nanobubbles increases in alkaline solutions reaching a value of about −32 mV at pH = 10. We, therefore, reach the same conclusion as before when the water pH was preadjusted before the generation of the nanobubbles (Figure 7d) , that is, Figure 7 . Effects of preadjustment of water pH on US-generated bulk nanobubble suspensions. 
Article alkaline media are more conducive to nanobubble stability than acidic media. The addition of salt to a nanobubble suspension drives the negative zeta potential toward zero, as depicted in Figure 8b . Again, this phenomenon is well known as "screening of the electric double layer". 43 The value of Debye length (κ −1 ) can be computed by the following expression
where I is the ionic strength of the salt and ε is the medium permittivity. Evidently, the Debye length decreases on addition of salt; for instance, at 1 and 10 3 mM of NaCl, the Debye length is κ −1 = 9.61 and 0.3 nm, respectively. Thus, it is clear from eq 3 that the addition of salt should reduce the repulsive electrostatic forces between nanobubbles.
The addition of the anionic surfactant SDS increases the magnitude of the negative zeta potential, as shown in Figure   8c , because of the adsorption of the sulfate ions (SO 4 − ) on the bubble interfaces. A similar behavior has been reported for polystyrene latex particles. 47 Whilst the freeze−thaw experiments discussed above showed that adsorbed surfactant molecules provided a protective layer against the dissolution of nanobubbles, these zeta potential results demonstrate that they also improve their electrostatic stabilization. In conclusion, therefore, the effects of pH, salt, and surfactant addition on the colloidal stability of nanobubbles are similar to those reported for solid nanoparticle suspensions.
Long-Term Stability of Nanobubbles. The most peculiar characteristic of bulk nanobubbles is their extraordinary longevitythey have been reported to last for days and weeks. 1, 2, 6 Here, we study the long-term stability of nanobubble suspensions by monitoring the evolution of their mean bubble diameter, bubble size distribution, bubble number density, and zeta potential over a period of many months. Four different suspensions with different bubble concentrations 
Article ranging from 2.09 × 10 8 to 8.89 × 10 8 bubble·mL −1 were generated and preserved in airtight glass vials in a fridge, and samples were withdrawn and analyzed at room temperature at various time intervals. The observation period for the less concentrated suspensions was about 6 months, and for the most concentrated suspension, it approached one year.
The time evolution of the bubble size distributions is presented in Figure 9 for all suspensions. In all cases, the bubble size distribution retains its shape but the peak (i.e., the mode) gradually reduces over time. The bubble number density is plotted in Figure 10 for all samples, showing an exponential decay in the number of nanobubbles, with approximately 50−70% disappearing in the first 50 days. Henceforth, the bubble decay slows down considerably and a significant population is still observed after 170 days in the less concentrated samples and after 330 days in the most concentrated sample. It also seems that the average rate of exponential decay is affected by the initial bubble number density; nanobubbles seem to disappear at a slower rate overall in more concentrated suspensions. Incidentally, on the basis of molecular dynamics simulations, Weijs et al. 1 had reported earlier that diffusive shielding stabilizes bulk nanobubble clusters.
On the whole, there is no significant change in the mean bubble diameter over time except in the case of the least concentrated sample, where the mean diameter witnesses a relatively small but significant increase from about 94 to 118 nm ( Figure 10 ). Because the initial bubble concentration in the sample is the lowest, this modest change in the mean diameter can only be attributed to the increased likelihood of experimental error as the bubble number density approaches the lower resolution limit of the NTA instrument. Thus, it would be reasonable to conclude overall that the mean bubble diameter remains constant over time. Furthermore, the zeta potential (data not shown) also remained unchanged over these periods of sample monitoring.
As the observed nanoentities gradually disappear over time, this implies that they must be nanobubbles. The fact that the mean bubble size remains constant over time suggests the absence of significant effects from bubble coalescence, bubble breakage, or Ostwald ripening. We presume, therefore, that it is the constant surface charge that bulk nanobubbles carry which is probably responsible for their stability. The question then arises as to what is the mechanism behind the observed disappearance of nanobubbles over time. In the case of surface nanobubbles, Ostwald ripening and coalescence have been recently observed by TEM 48 when such bubbles were in close proximity of each other. In the case of bulk nanobubbles, however, as our bubble size and zeta potential measurements suggest, the probability of Ostwald ripening or coalescence must be negligible because of the bubble surface charge. Therefore, there seems to be only three possible mechanisms by which nanobubbles can disappear: (i) nanobubbles could disappear if their surface charge is neutralized, but this was observed to be constant as the zeta potential did not vary; (ii) nanobubbles could perhaps collapse if they come in contact with the hydrophilic surface of the glass storage vial. A more detailed investigation is needed to determine the nature of the interaction of bulk nanobubbles with hydrophobic and hydrophilic surfaces; and (iii) nanobubbles might disappear if they interact with the free surface of the suspension. A very recent study which used cryo-electron microscopy to visualize bulk nanobubbles in aqueous solutions suggested that there were no nanobubbles close to the free surface, 49 which seems to support the possibility that nanobubbles in the upper parts of the suspension may ultimately diffuse to the air−water interface and escape.
Origin of the Nanobubble Surface Charge. Acoustic cavitation involves the generation, expansion, growth, and adiabatic collapse of microscopic cavities or microbubbles. It is known that a high-energy nucleus generated by ultrasonic energy would grow homogeneously in solution, followed by an equilibration between gas in bubble and gas dissolved in water. Microbubbles generated by sonic energy might oscillate with the frequency of sound. At some instant during the sonic compression phase, microbubbles may reduce to a fraction of their size and suddenly collapse. The process of cavity formation and collapse occurs simultaneously at millions of locations, is accompanied by very high local energy dissipation rates, and produces high local temperatures and pressures. 50 This leads to the formation of "hotspots", and highly reactive unstable hydroxyl radicals with a very short lifetime 51, 52 are generated. Whilst microbubbles have always been assumed to collapse and vanish, here we presume that the disappearance of such microbubbles gives rise to the formation of nanobubbles which previously went undetected. Cavitation phenomena are complex and difficult to predict, and so it is not inconceivable that nanobubbles may also simultaneously form directly, bypassing the microbubble formation stage. Though the extract origin of the negative surface charge on the nanobubbles cannot be identified with certainty, a possible interpretation can be inferred from the recent literature.
2,53
Ohgaki et al. 2 using infrared spectroscopy measurements, reported the presence of hard hydrogen bonds on bulk nanobubble interfaces. This seems to be consistent with current understanding of the surface charge at an air−water interface, in general, which suggests that water molecules at the interface possess the dangling O−H group pointing out of water at a certain angle, which is responsible for a slight negative charge on the air−water interface. In addition, ions which are loosely bounded in the bulk water can be attracted by the negatively charged interface. Charge transfer causes the surface to reflect the charge on the ions close to the surface, usually anions. Because of such a charge transfer, the water molecules at the surface may become negatively charged, thus, causing the negative charge to increase at the interface. 53, 54 This mechanism may be the reason why the observed bulk nanobubbles are negatively charged, as inferred from the zeta potential measurements.
■ CONCLUSIONS
The technique of acoustic cavitation was shown to be effective at producing bulk nanobubbles in pure water in relatively large numbers approaching 10 9 bubble·mL −1 with a typical diameter of 100−120 nm. The NTA technique was shown to be more reliable for nanobubble size measurements than DLS which tends to give positively skewed distributions which are biased toward large bubble sizes. Whilst acoustic cavitation is prone to small levels of contamination arising from particles detaching from adjacent solid surfaces, we provided three pieces of evidence which corroborate the hypothesis that the vast majority of the nanoentities generated were nanobubbles: (i) the disappearance of these nanoentities on freezing and thawing of the suspensions; (ii) the strong dependence of their nucleation rate on the amount of dissolved air; and (iii) their gradual disappearance with time.
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Article Long-term monitoring of the nanobubble suspensions over many months showed that the bubble size distribution retains its shape but the peak gradually reduces over time. The bubble number density shows an exponential decay with a significant population of nanobubbles surviving after more than 10 months. There was no significant change in the mean bubble diameter, suggesting the absence of significant bubble coalescence, bubble breakage, or Ostwald ripening effects. The results suggest that bulk nanobubbles carry a negative surface charge, and in pure water, they exhibit a considerable zeta potential of about −24 mV which remains constant over time. Such a constant surface charge is probably the reason behind their stability. The effects of pH, salt, and surfactant addition on the colloidal stability of nanobubbles are similar to those reported in the literature for solid nanoparticle suspensions: (i) an alkaline medium is more conducive to nanobubble stability than an acidic one; (ii) the addition of salt to a nanobubble suspension drives the negative zeta potential toward zero reducing, thus, the repulsive electrostatic forces between nanobubbles; and (iii) the addition of the anionic surfactant SDS increases the magnitude of the negative zeta potential, thus improving their electrostatic stabilization. 
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